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Abstract: This work reports an electrochemical sensor with a modified glassy carbon electrode for the detection of
kaempferol. The method was tailored by the immobilization of multiwalled carbon nanotubes (MWCNTs) assimilated
with Fe 2 O 3 nanoparticles (NPs) onto the electrode surface to detect kaempferol using differential pulse voltammetry.
Thermogravimetric, transmission electron microscopic, cyclic, and differential voltammetric techniques were employed
to characterize the developed electrochemical sensor. The kaempferol produces an anodic quasireversible peak at pH 6.6
in phosphate buffer with Fe 2 O 3 NPs/MWCNTs/GCE. The current of the anodic peak at 0.32 V increases linearly upon
addition of kaempferol standard, resulting in Ip( µ A) = 1.577( µ M) + 1.347 (R 2 = 0.9930). The limits of detection and
limits of quantification were found to be 0.53 µ M and 1.73 µ M, respectively. Upon quantitative analysis of kaempferol in
broccoli samples, it was found to be 3.78 µ g g −1 with an average percent recovery of 99.55%. The findings of this study
identify the efficient catalytic property as a major contributor in the electron-transferring capacity from the electrode
surface to the analyte, with promising possibilities of designing a highly sensitive electrochemical sensor for food industry
applications.
Key words: Kaempferol, differential pulse voltammetry, glassy carbon electrode, broccoli samples

1. Introduction
Flavonoids belong to a family of polyphenolic compounds with a C6–C3–C6 skeleton structure. They are
naturally occurring antioxidants that are widely distributed in fruits, vegetables, and herbal medicines. Recently,
they have attracted the interest of many researchers due to their wide pharmacological, nutraceutical, and
antiaging properties and their subsequent use in a broad spectrum of health products [1]. They are known to
fight against free radicals, oxygen ions, and peroxides, collectively known as reactive oxygen species. These
can also be generated by the normal metabolism of oxygen in the human body [2,3]. Kaempferol is a yellow
crystalline solid flavonoid compound that is soluble in ether and ethanol but slightly soluble in water. It is known
for its health promoting effects by minimizing oxidative stress and tissue damage as a consequence of radical
generation and antioxidant insufficiency [2,4,5]. Literature studies reveal that kaempferol could reduce cancer,
arteriosclerosis, and cardiovascular disorders as well as serving as an antioxidant and antiinflammatory agent
[6–11]. Therefore, its detection using various methods that offer selectivity and sensitivity such as nanomaterialbased electroanalytical techniques remains paramount. Many methods have been developed for its detection and
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quantification; however, electrochemical methods remain favorable because of their advantages such as lower
cost, rapid analysis, high sensitivity, low sample volume, ease of operation, and physicochemical properties
[12,13].
Electrochemical methods are often selective and sensitive due to the careful detection of electroactive
species among complex samples [4]. The evaluation of the reducing/antioxidant capacity of pure compounds,
foods, and biological samples can be performed by conceptually relating the electro-oxidation potential to
antioxidant capacity. The redox properties can be evaluated with cyclic voltammetry (CV), among other
electrochemical methods, to understand the overall reducing capacity of low-molecular-weight antioxidants.
Various analytical methods are now available for the determination of antioxidants. In a report by Dar et al., it
was revealed that the use of electrochemical sensors for the detection of kaempferol using CV was limited by the
fact that the compound produces a weak quasireversible peak [1]. A higher potential is required for the oxidation
of a hydroxyl group with lower activity. Thus, it is not a surprise that different levels of antioxidant capacities are
displayed by some polyphenolic compounds depending on the oxidation potential applied during electrochemical
tests. The several anodic peaks for flavonoids are represented by voltammograms that correspond to the
successive hydroxyl group’s oxidation at various positions [14,15].
Carbon nanotubes (CNTs) are one-dimensional materials with special mechanical and electronic properties [16]. In comparison, double graphene sheets over each other form cylindrical tubes known as multiwalled
carbon nanotubes (MWCNTs) [17]. MWCNTs possess excellent electronic conductivity and biocompatibility.
They are used to modify glassy carbon electrodes (GCEs) with methods such as covalent bonding, chemisorption, composites, and polymer film coating. There are a few setbacks that limit their wide application, such
as the advanced pretreatment process and matrix interferences, which result in poor mass transport of ions
(electrons) between the solution and electrode surface. Since they are entirely carbon, they can be modified and
functionalized by anchoring metallic nanoparticles on the external surface and thereby improve the sensitivity
of the electrochemical response [18–20].
Magnetic nanoparticles (MNPs) have shown fascinating properties that are applicable in diverse areas
such as catalysis and biomedicine [21]. The analyte, which is captured by MNPs, is directly detected by the
magnetic electrode when placed on a sensing surface without the need for further processing [22]. Fe 2 O 3 NPs
are especially ecofriendly, rich in raw materials, economical, and highly resistant to corrosion, and they were
also found to be stable at room temperature. Therefore, Fe 2 O 3 NPs can be applied to catalysts and a variety
of soft and hard magnetic materials, and they have good biocompatibility [23,24]. Thus, attaching Fe 2 O 3 NPs
onto a carbon nanotube forms hybrid Fe 2 O 3 NPs/CNTs with useful properties [16,25,26].
In this work, a magnetic nanocomposite of Fe 2 O 3 NPs/MWCNTs has been successfully immobilized onto
a GCE using an electrochemical sensor. The electrode showed impressive electrocatalytic action for the oxidation
of kaempferol, which is characterized by the enhancement of the highest current in both cyclic and differential
pulse voltammetry techniques. After optimization, the electrode was used for quantification of kaempferol in
broccoli sample extracts.

2. Experimental
2.1. Instrumentation
All electrochemical measurements were carried out with a 797 VA Computrace system (Metrohm, Switzerland),
with a three-electrode compartment comprising a 3-mm rotating disc made of glassy carbon working electrode,
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Ag/AgCl (3 M KCl) reference electrode, and auxiliary electrode of platinum wire. The pH measurements were
carried out with a digital Crison micro pH 2000, with accuracy of ±0.1. The sample extract was purified using
a Heidolph Laborota 4003 Rotavap (Waterbath and Rotavac Vario pump). Thermogravimetric analysis (TGA)
was performed on a Mettler Toledo TGA/DSC 1 analyzer (Switzerland) under the following conditions: –25 ◦ C
to 800 ◦ C under nitrogen gas at a heating rate of 5 ◦ C min −1 . The morphology and size of the Fe 2 O 3 NPs were
measured with transmittance electron microscopy (TEM) with JEM model 2100 equipped with LaB6 emitter
MAXOXFORD instruments and ImageJ software, respectively.
2.2. Chemicals and reagents
Analytical grade kaempferol (99.99%), disodium hydrogen phosphate (Na 2 HPO 4 ) , sodium dihydrogen phosphate dihydrate (NaH 2 PO 4 .2H 2 O), ferrous ammonium sulfate hexahydrate ((NH 4 )2 Fe(SO 4 )2 .6H 2 O), sodium
hydrogen

phosphate

heptahydrate

(Na 2 HPO 4 .7H 2 O),

sodium

dihydrogen

phosphate

monohydrate

(NaH 2 PO 4 .H 2 O), and ferric ammonium sulfate (NH 4 Fe(SO 4 )2 .12H 2 O) were purchased from Sigma-Aldrich
(Durban, South Africa (SA)). Nitrogen gas with 99.9% purity was supplied by Afrox Gas (Durban, SA). Alumina
powder ( <3 µ m) was purchased from Metrohm (Durban, SA). N, N -Dimethylformamide (DMF) was purchased
from Associated Chemical Enterprise (Johannesburg, SA). Ethanol (99.5%), sodium hydroxide (NaOH), sulfuric acid (H 2 SO 4 ), and hydrochloric acid (HCl) were supplied by Capital Lab Supplies (Durban, SA). Broccoli
samples were bought from a local supermarket.
2.3. Preparation of standards, supporting electrolyte, and analyte extraction
A stock solution of kaempferol was prepared in 10% ethanol from analytical grade reagent. Stock solution
was diluted to make working standards solutions, which were thereafter used for optimization of experimental
parameters. The supporting electrolyte, 0.1 M phosphate buffer, was prepared from Na 2 HPO 4 .7H 2 O and
NaH 2 PO 4 .H 2 O and maintained at pH 6.6 using either 1.0 M HCl or 0.1 M NaOH. The analyte from ground
pieces of broccoli (70.2 g) was extracted by soaking in 250 mL of ethanol for 48 h. In order to classify the
present compounds, the extract was filtered and then separated by column chromatography packed with silica
gel and a 1:9 (chloroform: methanol) solvent system. The column chromatography showed two fragments of
yellow and green spots that were compared with authentic kaempferol, which is generally yellow. The analyte
was removed from the solvent using a retro-evaporator at 60 ◦ C to obtain the yellow and dark green extracts.
2.4. Synthesis of Fe 2 O 3 nanoparticles
The coprecipitation technique was used due to its simplicity and the robustness of its chemical route to obtain
Fe 2 O 3 nanoparticles. A stoichiometric mixture of ferrous and ferric salts in aqueous medium was used to
prepare iron oxides, either Fe 3 O 4 or γ Fe 2 O 3 , as per the reaction equation shown in Eq. (1):
F e2+ + 2F e3+ + 8OH − → F e3 O4 + 4H2 O

(1)

Under nonoxidizing oxygen conditions and pH ranging from 8.0 to 14.0, it is expected that complete precipitation
of Fe 3 O 4 will be achieved, where the stoichiometric ratio will be 2:1 (Fe 3+ /Fe 2+ ) [27]. Since magnetite (Fe 3 O 4 )
has poor stability, it is more prone to transformation into maghemite ( γ Fe 2 O 3 ) in the presence of oxygen as
shown in Eq. (2):
F e3 O4 + 2H + → γF e2 O3 + F e2+ + H2 O

(2)
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The transform of magnetite (Fe 3 O 4 ) into maghemite ( γ Fe 2 O 3 ) can occur in various ways besides oxidation in
the air. According to Eq. (1), electron or ion transfer depends on the pH of the suspension involved. Solutions of
(NH 4 )2 Fe(SO 4 )2 .6H 2 O and NH 4 Fe(SO 4 )2 .12H 2 O were prepared by weighing 24.109 g and 9.8035 g and then
dissolved in deionized water and concentrated H 2 SO 4 , respectively. The salts were then mixed in a 200-mL
glass by adding aqueous NaOH (40%) with vigorous stirring, until a black precipitate of Fe 2 O 3 NPs was formed.
The resulting black solution at pH 11.0–12.0 was left to settle and thereafter Fe 2 O 3 NPs were isolated from
the solvent using a magnet. The NPs were washed four times with deionized water to remove excess NaOH.
The final resulting precipitate was oven-dried at 65 ◦ C and left for use. Nanosized Fe 2 O 3 particles can also be
synthesized according to the reported method [28].
2.5. Fabrication of Fe 2 O 3 NPs/MWCNTs/GCE
The GCE was manually cleaned by polishing it with alumina and dipped into ethanol for 1 h to remove any
adsorbed substances on the electrode surface. The modification of MWCNTs with Fe 2 O 3 NPs was performed
by mixing 1.0 g of MWCNTs, 1.0 g of Fe 2 O 3 NPs, and 5.0 mL of DMF to form a thick paste. The resulting
paste was coated uniformly onto the surface of the GCE and then oven-dried at 50 ◦ C for >3 min to evaporate
the dispersion solvent, DMF, and ensure that fabricate did not fall off during the electrochemical measurements
[29], as shown in Scheme 1.

Scheme 1. Schematic representation of synthesis of Fe 2 O 3 NPs and modification of GCE with MWCNTs and Fe 2 O 3 NPs
for the electrochemical detection of kaempferol.

2.6. Electrochemical measurements with Fe 2 O 3 NPs/MWCNTs/GCE
The working electrode, Fe 2 O 3 NPs/MWCNTs/GCE, prepared as described above, was used to perform the
electrochemical measurements in a cell that contained 0.1 mol L −1 KCl and 10 mL of 0.1 M phosphate buffer
(pH 6.6). The cell was purged for 3 min with pure nitrogen to remove any dissolved gases prior to measurements
carried out at room temperature. The Fe 2 O 3 deposited on the surface of MWCNTs was electrochemically
reduced at a fixed potential of 0.5 V for 80 s. Then 5 µ L of sample was introduced to the surface of the
GCE modified with Fe 2 O 3 NPs/MWCNTs and stirred at 100 rpm. To ensure a uniform baseline, numerous
cyclic sweeps were performed to obtain a low and stable background current. The amount of kaempferol was
electrochemically detected by DPV from 0.0 to 0.70 V, with a deposition time of 80 s of pulse amplitude of 50
mV, with a pulse period of 0.2 s.
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2.7. Computational method
The Fe 2 O 3 NPs, MWCNT, and GCE were built using Materials Studio (MS) BIOVIA [30] and geometry
optimization was carried out with the Forcite module [31] in MS 8.0. Furthermore, the Adsorption Locator
module, implemented in MS, was used to obtain ranking adsorption energies for each generated configuration,
thus deducing the preferred adsorption site on the surface. A 3D model of Fe 2 O 3 NPs was built to conform to
the standard structural database in MS. A supercell structure (6 × 6 × 1) was built and the symmetry was
set to have a nonperiodic boundary. A MWCNT was built with dimensions of 3 × 3 nm with a repeated unit
of 3. The GCE was imported from the database of the MS software (size = 6 × 6 × 1). The geometry of all
individual materials was optimized by the Forcite Module in MS.
3. Results and discussion
3.1. Characterization of hybrid Fe 2 O 3 NPs/MWCNTs
The Fe 2 O 3 NPs/MWCNTs were characterized using TEM and TGA as shown in Figure 1. The morphology
of the undecorated MWCNTs illustrates hollow cylindrical MWCNTs, and the Fe 2 O 3 NPs could easily be
conjugated (see Figure 1a). The hydrophilic nature of the Fe 2 O 3 NPs attached on the surface of the MWCNTs
allows for ready dispersion in water.

Figure 1. (A) TEM morphology of (i) Fe 2 O 3 , (ii) HR-TEM of Fe 2 O 3 , (iii) Fe 2 O 3 NPs/MWCNTs; (B) TGA of
Fe 2 O 3 NPs/MWCNTs.

As shown in the TEM image, Fe 2 O 3 NPs have moderately uniform sizes and high dispensability; hence,
the weight ratio of Fe 2 O 3 NPs to MWCNT microspheres was adjusted to 1:1. The homogeneous brown
appearance of the Fe 2 O 3 /MWCNTs composite also confirms that the Fe 2 O 3 NPs were uniformly distributed.
The particle size distribution was projected to be in the range of 7 to 24 nm, indicating that homogeneous
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Fe 2 O 3 NPs can be synthesized in a large pH window at room temperature. The TGA results in Figure 1b show
that minimal impurity of organic compounds existed in the Fe 2 O 3 NPs/MWCNTs composite. Drop-down is
due foremost to the loss of water at 111 ◦ C, which was used to rinse the composite, followed by drop-down due
to the loss of dispersion medium, DMF, at 165

◦

C. This resulted in a mass loss of 93.8% (w/w). Therefore,

only 3.2% of nanocomposite was retained on the crucible as Fe 2 O 3 NPs/MWCNTs residue.
3.2. Electrochemical behavior of kaempferol at Fe 2 O 3 NPs/MWCNTs/GCE
The developed Fe 2 O 3 NPs/MWCNTs/GCE was used to study the redox mechanism with CV measuring the
current-potential response, which was done using 10 mL of phosphate buffer (pH 6.6) at a scan rate of 0.5 V s −1 .
The voltammogram confirms the mechanism reported by Dar et al., where the redox reactions are reversible
against the Ag/AgCl electrode within the potential scale of 0.0 to 0.6 V [1]. Most importantly, in Figure 2, we
observe the impact of each modification step on the performance of the electrode. The peaks are well defined
and more prominent with MWNCTs/GCE and Fe 2 O 3 NPs/MWCNTs/GCE in contrast to bare GCE, where the
cathodic peak in Figure 2’s inset is merely visible. It is obvious that, after modification, the background signal
tends to increase while there was a shift in E 1/2 from 0.297, 0.279, and 0.257 V for bare GCE, MWCNTs/GCE,
and Fe 2 O 3 NPs/MWCNTs/GCE, respectively. For each stage of electrode modification, a significant increase
in anodic peak current was observed and can be justified with the Randles–Sevick equation [32]:

Figure 2. Cyclic voltammogram of kaempferol electrochemical behavior with different modifications of base GCE,
MWCNTs/GCE, and Fe 2 O 3 NPs/MWCNTs/GCE under the following conditions: phosphate buffer with pH 6.6, scan
rate of 0.5 V s −1 , and 80 s deposition time.

1/2

ipa = 2.69 x 105 AC0 n3/2 DR v 1/2

(3)

Here, ipa is the anodic peak current, C0 is the concentration of kaempferol, A is the surface area of the
electrode, DR is the diffusion coefficient, n is the number of electrons transferred, and v is the scan rate. As
depicted in Figure 2, the anodic peak current can be used to calculate DR for the bare GCE. The calculated
DR with the anodic peak current can then be used for the modified GCE to calculate the surface area of
the Fe 2 O 3 NPs/MWCNTs/GCE. The surface area of Fe 2 O 3 NPs/MWCNTs/GCE was found to be 12.38 mm 2
in comparison to bare GCE of 3.04 mm 2 . A significant improvement was noticed in the current response
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as depicted in Figure 2. Therefore, it could be hypothesized that the fourfold larger surface provided by
Fe 2 O 3 NPs/MWCNTs improves oxidation of kaempferol molecules as depicted by the mechanism in Scheme 2.

Scheme 2. Mechanism of electrochemical oxidation of kaempferol at Fe 2 O 3 NPs/MWCNTs/GCE.

Due to the presence of hydroxyl groups attached to the aromatic rings in polyphenolic compounds, they
are known to be electroactive. This characteristic enables them to undergo electrochemical oxidation reaction
[33–36]. It was also deduced that the buffer has a great impact on the E1/2 potential. Hence, E1/2 was
reported with respect to the buffer used to perform electroanalytical measurements, in this case phosphate
buffer of pH 6.6. The redox mechanism of kaempferol shown in Scheme 2 proceeds in two stages, related to
rings B and C on hydroxyl groups. When the potential of the electrode is more positive, the anodic peak
(oxidation) Epa corresponding to the forward reaction is observed at 0.32 V and the cathodic peak (reduction)
Epc that corresponds to the reverse reaction is observed at 0.235 V as the working electrode potential becomes
more negative than the reduction potential.
3.3. Optimization of pH, deposition time, and scan rate at Fe 2 O 3 NPs/MWCNTs/GCE
Figure 3a shows the comparative current response of deposition time with peak height of kaempferol at
Fe 2 O 3 NPs/MWCNTs/GCE. The effect of deposition time was observed in a range of 40–120 s at 0.5 V s −1 with
the deposition potential of –0.24 V. A similar trend was observed for both peak potential and current response
with the highest being at 80 s, beyond which the saturation of Fe 2 O 3 NPs/MWCNTs/GCE was reached. This
hinders electron transfer to the working electrode and hence there is a significant drop in current response.
With reference to Figure 3b, the pH effect was observed with the scale of 0.5 V s −1 in the pH range of
3.35–9.8. In practice, at extremely low pH levels GCEs can be permanently damaged. Therefore, pH values
below 3.3 were not considered. There was a uniform shift towards greater peak potential as pH decreased. The
highest current response was noted at pH 8.5; thereafter, there was a decrease in peak current. Interestingly, the
reproducible current response was observed at pH 6.6 and hence it was selected as the optimum. Thereafter,
scan rate was evaluated in the range of 0.04 to 0.80 V s −1 under the following conditions: voltage step of
6.0 mV, pH 6.6, and deposition time of 80 s. Cyclic voltammograms of kaempferol in phosphate buffer of pH
6.6 at different scan rates with well-defined oxidation and reduction peaks are shown in Figure 3c. In Figure
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(A)

(B)

(C)

(D)

Figure 3. (A) Graph showing the deposition time from 40 to 120 s; (B) effect of pH in the range of 3.35 to 9.8; (C)
Effect of scan rate from 0.04 to 0.5 V s −1 for the electrochemical detection of kaempferol.

3c, at lower scan rates of 0.04, 0.06, and 0.08 V s −1 , the peak current is invisible. However, the correlation
between the peak current and scan rate was directly proportional in the range of 0.1 to 0.5 V s −1 . This was
true for both anodic and cathodic reactions with Ip (µ A) = 7.63 (v s −1 ) – 0.323 ( R2 = 0.9916) and Ip (µ A) =
–5.4015(v s −1 )+ 0.45761 ( R2 = 0.9874), respectively (see Figure 3d). This linearity reaffirms that the reaction
was an adsorption-controlled process; hence, it was used later for quantification of kaempferol in broccoli sample
extracts.
3.4. Effect of interferences on detection of kaempferol
To assess the possible analytical applications of the proposed method, the effects of some polyphenols that often
complement kaempferol in various sources were studied by adding quercetin, catechin, or catechol independently
to 0.50 g mL −1 kaempferol. The anodic peak potentials for interfering substances such as quercetin, catechin,
and catechol were found to overlap at 0.18, 0.17, and 0.16 V, respectively. These peaks were at different potentials
from that of the analyte of interest, which was at 0.32 V. At very low concentrations, they did not interfere with
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the determination at the levels found in the dosage forms. The abovementioned interferences with structural
similarity to kaempferol hardly influenced either the potential or its detection with Fe 2 O 3 NPs/MWCNTs/GCE,
as shown in Figure 4. Overall, the reported Fe 2 O 3 NPs/MWCNTs/GCE has fair selectivity for kaempferol for
the tested compounds.

Figure 4. Effect of interfering compounds (quercetin, catechin, and catechol) on the detection of kaempferol under the
optimum conditions: 0.5 V s −1 , deposition time 80 s, and pH 6.6 for the electrochemical detection of kaempferol.

3.5. Reusability, durability, and reproducibility of Fe 2 O 3 NPs/MWCNTs/GCE
The accurate detection of kaempferol is affected by a variety of analytical factors, among which reusability
is crucial. Under the optimum experimental conditions of differential pulse voltammetry, reusability of the
electrochemical sensor was evaluated with the proposed Fe 2 O 3 NPs/MWCNTs/GCE and kaempferol (5.0 M)
over 6 times in succession with a relative standard deviation (RSD) of 3.2%. This proves the highly reusable
electrochemical responses that the modified electrode had towards kaempferol. In the interim, durability of
the modified electrode over a 30-day period was evaluated, during which three parallel experiments were
carried out. After 30 days of storage at room temperature the modified electrode’s Ipa values were still as
high as 95.2%, demonstrating high stability for 5.0 M kaempferol. The reproducibility measurements for
the nanocomposite were obtained using different types of electrodes (Au-E, Pt-E) for the same kaempferol
concentration, which resulted in promising RSD values of 2.0%–3.95% (n = 6), indicating reproducible use of
Fe 2 O 3 NPs/MWCNTs/GCE.
3.6. Linear calibration and quantitative analysis of kaempferol
Based on the high current sensitivity and improved peak resolution by DPV, the optimum experimental
parameters of pH 6.6, deposition time 80 s, and scan rate 0.5 V s −1 were used for quantitative detection
of kaempferol with Fe 2 O 3 NPs/MWCNTs/GCE. Under these conditions, a wide linear dynamic range was seen
from 1 to 300 µ M with best fit of Ip (µ A) = 0.009527 ( µ M) + 1.463 (R 2 = 0.9866) as shown in Figures 5a
and 5b. The linear calibration between the anodic peak and concentration used to quantify the analyte ranged
from 1.0 to 6.0 µ M with anodic peak current at 0.32 V giving Ip (µ A) = 1.577 ( µ M) + 1.347 (R 2 = 0.9930).
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The limit of detection given by (3 s/n) was calculated to be 0.53 µ M, while the limit of quantification (10 s/n)
was found to be 1.73 µ M as shown in Figures 5c and 5d. The amount of kaempferol in broccoli was found to
be 3.78 µ g g −1 and these results agreed with the results in the literature as shown in Table 1.

(A)

(B)

(C)

(D)

Figure 5. (A, B) Linearity of kaempferol detection using Fe 2 O 3 NPs/MWCNTs/GCE with scan rate V s −1 , deposition
time of 80 s, E 1/2 = 0.2 ± 0.05 V, concentration range 1.0–300 µ M. (C, D) Differential pulse voltammogram and
corresponding calibration curve for 3 to 18 µ M.

3.7. Adsorption results
The results depicted in Table 2 correlate with the experimental result illustrated in Figure 2. This result
shows that there is a high physical interaction between kaempferol and GCE (Figure 6) with an adsorption
energy of –77.653 kcal mol −1 . Looking closely at the current peaks in Figure 2, the theoretical modification
of kaempferol/Fe 2 O 3 NPs/MWCNT/GCE has a higher current compared to kaempferol/MWCNT/GCE. This
aligns with the theoretical results depicted in Figures 6a and 6b. Figure 6a shows that the interatomic distance
between kaempferol and the GCE, as well as between the MWCNT and GCE, is not more than 5.7 Å. Compared
to Figure 6c, the shortest interatomic distance between kaempferol and GCE was reduced to 3.0 Å, while
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Table 1. Comparison of present electrochemical sensors with other reported methods for the determination of kaempferol
in various samples.
Method
(modification)
SWV
(MWCNTs/CPE)

LOD, LOQ, and
LDR (R2 )
LOD:
2.90 nM (0.990)

DPV
(NH3 -plasma/
CNT/GCE)
CV (PGE hemoglobin/
polysorbate)

LOD: 0.5 µM
(0.99)

DPSV
CTAB-cMWCNTs/
MWCPE

LOD: 12.7 nM
(0.9967)

Impatiens and
dogbane leaf

32.6 µM

SWV CPE/PVP

40 and 160 nmol
L−1
(0.980)

SWV: PVP/CdS/CPE

LOQ: 0.068 µM
LOD:
0.0492
µM
LDR 1:0.06 to
2.0 µM
(0.998)
LDR 2: 5.0 to
25.0 µM
LOD
6.1
µM (1.4 fmol)
68–960
(ng mL−1 )
LOD:
6
(ng mL−1 )
LOD: 0.53 µM
LOQ: 1.73 µM
LDR: 1 to 300
µM
(0.9930)

Spinach
Broccoli
Cabbage
Chicory
Tablet

3.20 mg g−1
2.10 mg g−1
2.90 mg g−1
0.80 mg g−1
4.981 mg/tablet

Impatiens balsamina
Ginkgo
biloba tablets
G9
G11
Broccoli

1.2% (g/g)

Amperometry:
S-C/CE
DPV
C-PVC

DPV:
Fe2 O3 NPs/MWCNTs

Samples

Concentration

Remarks

Citation

Saffron
(Crocus
sativus)
Diluted blood
serum

1004 µg mL−1

Sensor is simple and
sensitive with fair LODs

[1]

0.05–4.55 µM

Method is time-consuming
due to functionalization of
CNTs
Sensor is not sensitive and
electrode surface is not
modified with nanomaterials
Method is sensitive; however,
the sensor system is
complicated
Sensor is sensitive; however,
electrode surface is not
modified with nanomaterials

[37]

Sensor is sensitive and
single layer of nanomaterials
with less stability

[41]

Sensor is simple, but not
sensitive and selective
Method is sensitive and
selective

[42]

Electrochemical sensor is
simple and reasonably
sensitive; the sensor is
highly durable, reusable,
and reproducible

This work

LOD: 0.01 nM
(0.9986)

2.0–30.0 µM

0.3 (mg/tablet)
0.3 (mg/tablet)

3.78 µg g−1

[38]

[39]

[40]

[43]

CTAB: Cetyltrimethylammonium bromide, PVP: polyvinylpyrrolidone, MWCNTs: multiwalled carbon nanotubes; CPE:
carbon paste electrode, SWV: square-wave voltammetry, DPV: differential pulse voltammetry, CdS: cadmium sulfide,
S-C/CE: sol-gel carbon electrode, C-PVC: carbon-polyvinyl chloride.

that for MWCNT and GCE was 3.7 Å and the distance between Fe 2 O 3 NPs and the GCE stayed at 5.1 Å.
The distances between the analyte, nanomaterials, and GCE surface play a role in the adsorption. The final
adsorption energy value (–73.239 kcal mol −1 ) at the last modification stage indicated that the inclusion of
Fe 2 O 3 NPs/MWCNT has a significant effect. This may have been due to the individual interaction of the
nanoparticles and MWCNT at different adsorption sites on the GCE, thus leading to a more sensitive electrode
for the detection of kaempferol.
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(A)

(B)

(C)

Figure 6. Adsorption studies of kaempferol on (A) GCE, (B) MWCNTs/GCE, and (C) Fe 2 O 3 NPs/MWCNTs/GCE.

Table 2. Calculated adsorption energies for each modification step in the detection of kaempferol.

Adsorption surface
Bare GCE
MWCNT/GCE
Fe2 O3 NPs/MWCNT/GCE

Adsorption energies (kcal/mol)
–77.653
–72.167
–73.239

3.8. Conclusions
In this study, a novel nanocomposite Fe 2 O 3 NPs/MWCNTs-based electrochemical sensor was designed for the
detection of kaempferol in real broccoli samples. Interestingly, it was found that, compared to MWCNTs/GCE
and bare GCE, the Fe 2 O 3 NPs/MWCNTs/GCE greatly enhanced the anodic peak current of kaempferol, indicating that the Fe 2 O 3 NPs/MWCNTs/GCE surface provided a better effective area and thereby improved
the electron transfer process and also catalyzed the redox reactions between electrode and kaempferol. Under
optimum conditions, the anodic current demonstrated a wide detection range and the LOD of kaempferol was
0.53 µ M. The average percent recovery of 99.55% in broccoli samples shows good validity of the proposed
method. Overall, the designed Fe 2 O 3 NPs/MWCNTs demonstrated outstanding electrochemical properties,
namely repeatability, reproducibility, sensitivity, high stability, and higher exchange current density, and these
were successfully applied for detection of kaempferol in real samples compared to the already reported electrochemical/biosensors.
To the best of our knowledge, use of Fe 2 O 3 NPs/MWCNTs/GCE, undertaken for the first time here,
1240

JIYANE et al./Turk J Chem

demonstrates that MWCNTs decorated with Fe 2 O 3 NPs offer a promising strategy for the sensing of kaempferol
in real samples using DPV. The outcome of this study provides helpful implications concerning the catalytic
activity of Fe 2 O 3 NPs/MWCNTs in the electron transfer process, which can potentially act as a good electrochemical sensor with reasonable sensitivity that could be adopted in quality control laboratories for rapid and
accurate determinations of quantitative values of kaempferol in food samples and pharmaceuticals.
Further work will involve converting the proposed electrochemical sensor into an electrochemical aptasensor to enhance the selectivity of the sensor towards kaempferol. This aptasensor could become a more reliable
and versatile device for the detection of kaempferol in various matrices.
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